Bone marrow from mature goats and sheep was cultured in plasma dots, and three erythropoietin (ESF)-dependent responses-growth (colony formation), differentiation (globin production), and initiation of hemoglobin C (t~2f12 c) synthesis-were quantitated. ESF concentrations below 0
The hormone erythropoietin supports red cell production by accelerating growth, differentiation, and maturation of erythroid cells. In addition to its function as an erythropoietic stimulating factor (ESF), it also induces synthesis of hemoglobin C (t~d32 c) in sheep (23) and goats (10) . Hemoglobin C is normally generated during the later stages of development, accounting for 20-30% of the hemoglobin in certain newborn sheep (those homozygous for hemoglobin A) and 95% in goats. As the animal matures, hemoglobin C synthesis ceases and is replaced by the adult hemoglobin; hemoglobin A (c~d32 A) in sheep and hemoglobin A, D, or E (containing flA, /3D, and /3 ~, respectively) in goats. In bone marrow cells of adult animals, hemoglobin C production can be reinitiated in vivo by anemic stress or injection of ESF (7, 10, 23) and in vitro by exposure to ESF (1, 3, 4) .
We have previously analyzed hemoglobin C ThE JOURNAL OF CELL BIOLOCV 9 VOLUME 71, 1976 9 pages 715-726production during erythroid cell development, employing the plasma clot culture system (14, 21) for generating erythroid colonies. The goat and sheep erythroid colonies were derived from a population of nonhemoglobinized precursors (3) . The number of colonies generated was shown to be directly proportional to cell input and to be related to ESF concentration. While maximal colony number was reached by 72 h in vitro, globin synthesis continued thereafter. In cultures of goat bone marrow, hemoglobin C (tic globin) synthesis occurred only after colonies developed and increased directly with ESF concentration over a range from 0.01 to 2.0 U ESF/ml. Erythroid colonies also developed in cultures of sheep bone marrow, but they were smaller and less differentiated (fewer cells exhibited nuclear extrusion) than the goat colonies and no significant/3 c synthesis was obtained.
In further studies described herein, using an improved culture medium, we have observed fully developed sheep erythroid colonies. Nonetheless, synthesis of significant amounts of/3 c globin was delayed until after 4 days in vitro, implying that the colonies actively synthesizing globin earlier during the culture were derived from precursors already committed with respect to hemoglobin phenotype. Additional evidence implying heterogeneity of the colony-forming population was obtained by culturing fractions of goat bone marrow separated by unit gravity sedimentation. We have also obtained evidence that commitment of colony-forming cells to tic synthesis may be obtained in sheep (in vivo) and goats (in vitro) by brief exposure to high ESF concentration.
MATERIALS AND METHODS

Cell Culture Methods
Sheep, homozygous for hemoglobin A, and goats, lacking hemoglobin E, were selected for these experiments by prescreening of blood hemolysates by cellulose acetate electrophoresis of hemoglobin (sheep) or carboxymethyl cellulose chromatography (goats) (3, 16) . The animals were anesthesized and exsanguinated, and single cell suspensions of marrow were prepared for culture as previously described (3). The medium for culture of goat marrow was unchanged from that employed before (3), while the medium found optimal for growth of sheep erythroid colonies differed in several respects (see Table I ). Bovine serum albumin was routinely deionized by stirring with a mixed bed resin, AG 501-X8(D) (BioRad Laboratories, Richmond, Calif.) (5) . In certain experiments, beta-mercaptoethanol For certain experiments, goat bone marrow cells were preincubated in suspension culture (4) at a cell concentration of 1.8 • 107 cells/ml. After incubation for varying time intervals (0-18 h), the cells were washed twice with minimal essential Eagle's medium (MEM), resuspended in MEM at a cell concentration of 107/ml, and set up in clot culture as described previously (3) . Zerotime cells were put in the medium at the indicated ESF concentration and then immediately spun down and washed. The total time of the cells in vitro was 96 h including both that spent in suspension and that in clot culture.
Analysis of Colony Number and Globin Synthesis
0.1-ml clot cultures were fixed in 5% glutaraldehyde on glass slides, stained with benzidine, and counterstained with Harris-Lily hematoxylin, and the number of colonies containing eight or more cells were counted microscopically (3) . To quantitate the amount and type of globin synthesized in colonies, 10/zl of MEM containing 10/zCi of [3H]ieucine (sp act 30-50 Ci/mmol) were added to each individual 0.1-ml clot. After an additional 24 h of incubation, the colonies were retrieved by trypsinization of the clots from 48 to 60 wells, washed, and lysed, and their products were analyzed by carboxymeth-ylcelluiose chromatography in 8 M urea phosphate buffer (3, 16) . To determine the pattern of globin synthesis in differentiating erythroid cells, bone marrow was placed directly in suspension culture and labeled between 0 and 11 h in vitro by addition of 300 /xCi of [aH]teucine (4) . The cells were recovered and prepared for chromatography as previously described (16) .
Sephadex G-1 O0 Filtration of Erythropoietin
Erythropoietin (Connaught Medical Research Laboratories, Willowdale, Ontario, lot no. 3004-3) was made up to a final concentration of 250 U/ml in Dulbecco's phosphate-buffered saline, pH 7.4, lacking calcium and magnesium. 500 U were applied to a Sephadex G-100 (superfine) column (1.5 x 70 cm) previously equilibrated at 4~ with the same buffer. Two protein peaks were eluted: one in the void volume and a second included in the column. The included peak was collected, concentrated by ultrafiltration through a UM 10 filter (Amicon Corp., Lexington, Mass.) and lyophilized. The powder, solubilized in NCTC-109 medium at an estimated concentration of 100 U/ml, was titrated against an erythropoietin of known activity by using mouse marrow in the erythroid colony-forming assay (14) .
Fractionation of Bone Marrow Cells
Bone marrow was fractionated on the basis of cell size by unit gravity sedimentation on a 1-2% bovine serum albumin gradient (6, 13, 15) as indicated previously (3) . The number of cells in each fraction was determined, and adjacent fractions were pooled to provide a sufficient number of cells so that both colony number and globin synthesis could be analyzed at a single ESF concentration in clot culture.
Bone Marrow Aspiration and ESF Injection in an Anesthetized Sheep
A 60-day old lamb was anesthetized with 2-5% Halothane, intubated, and maintained at a surgical plane of anesthesia by a closed system with 1.5-2% Halothane. The animal was positioned in lateral recumbency and the hind or the front leg prepared for surgery. A 4-6-cm incision was made longitudinally over the proximal long bone, and the muscles were retracted to expose the femoral or humeral shaft. A 4-mm hole was drilled into the marrow cavity with a 5/32 inch bit attached to a Collison orthopedic hand drill held at a 60 ~ angle to the bone and directed towards its proximal end. No more than two holes were drilled in each bone to avoid the possibility of later fracture. A Coke pressure injection monitoring tube with a female tip (no. 40-101, Coke Labs, Inc., Lakewood, Colo.), cut to give a tip with a bevel of 45 ~ was attached to a 10-ml heparinized syringe and inserted into the hole. A marrow sample was removed by advancing the tubing and gently retracting the syringe plunger. The number of nucleated and total cells (including enucleated red cells) was immediately determined. If the nucleated cells were less than 10% of the total, the sample was discarded and another obtained. The holes were sealed with bone wax (Ethicon Inc., Somerville, N. J., no. W38G), the parted muscles were released and returned to normal apposition, and the incisiot~ was sutured.
After the initial bone marrow sample was obtained, the animal was injected with ESF. 200 ml of blood were removed via a jugular venous catheter, and 150 ml of plasma from an anemic sheep (maintained at a hematocrit of 10% for 10 days by phenylhydrazine injection [16] ) were infused. Then 1,500 U ESF (Connaught, lot no. 3003-11) in 50 ml of phosphate-buffered saline were immediately injected. The animal was allowed to recover and was reanesthetized each time a marrow sample was required. At the end of the experiment, the animal was sacrificed and the long bones were removed in the usual manner.
RESULTS
Effect of ESF Concentration on Colony Growth and Globin Synthesis
GOAT: The effect of increasing ESF concentration on three parameters, colony number, total globin synthesis, and tic globin synthesis, was measured 96 h after initiation of clot cultures of goat bone marrow (Fig. 1) . The number of erythroid colonies increased from 25 to 380 colonies per clot over the range 0.00025-5 U ESF/ml, with a significant (P > 0.03) decrease at 10 U ESF/ml. Total globin synthesis (labeling period 72-96 h) was augmented 30-fold over the same ESF concentration range. Adult fl-globins, flA and /3 D, were the only globins produced at ESF concentrations below 0.01 U/ml and increased to a maximum at an ESF concentration of 0.05 U/ml, with no significant change at higher ESF concentrations. /3 c globin synthesis was first discernible at an ESF concentration of 0.005 U/ml and increased to a maximum at 5 U/ml.
SHEEP:
Sheep marrow cells, cultivated in an improved medium, generated large colonies with well-differentiated erythroid cells (Fig. 2) . Concentrations of ESF greater than 0.5 U/ml markedly reduced the number of colonies formed from sheep marrow (Fig. 3) . ESF was also inhibitory to mouse erythroid colony development but only at concentrations above 5 U/ml. Chromatography on G-100 Sephadex abolished the inhibitory effect of ESF at high concentration on mouse colony formation as previously reported by Iscove et (12), but the inhibitory effect on sheep colony formation persisted (Fig. 3) .
With the modified culture medium to which was also added beta-mercaptoethanol (1.4 x 10 -6 M), /3c globin synthesis was not detected between 48 and 96 h at an ESF concentration of 1 U/ml; it amounted to only 20% of the non-alpha chains produced between 72 and 96 h and 45-55% between 96 and 120 h in vitro (Fig. 4) . In another experiment, carboxymethylceUulose chromatography of globin synthesized from 96 to 120 h in vitro showed that/3c globin was over 60% of the total /3-globin at 1 U ESF/ml and 35% at 0.1 U ESF/ml (Fig. 5) .
Colony Growth and Globin Synthesis in Fractions of Goat Bone Marrow
Marrow fractionation by unit gravity sedimentation provided separation of the smaller benzidinepositive nucleated cells in the top 800 ml of the gradient from the larger predominantly nonhemoglobinized cells in the bottom 800-1,600 ml of gradient (Fig. 6) . The cells from each of eight fractions were cultured in plasma clots with 1 U ESF/ml. Colonies (dark bars) were derived only from those cells in the lower portion of the gradient. The colony-forming efficiency of the individual fractions ranged between one colony per 200 cells (I) and one colony per 300 cells (V), while that for unfractionated marrow was one colony per 700 cells. Globin was synthesized between 72 and 96 h only in cultures derived from fractions containing colony-forming cells. In fractions I-III, 35% of the total /3 globin synthesized was /3c, while in fractions IV and V, 50% of the total was /3c.
Commitment of Goat Colony-Forming Cells to tic Globin Synthesis in Vitro
In an effort to commit colony-forming cells to /3c globin synthesis, goat marrow was established in suspension culture with 0.5 U ESF/ml, incubated for various periods, washed, and then cultured in plasma clots at low ESF concentration.
[aH]Leucine was present during the final 24 h in culture. Brief exposure of the marrow to medium containing 0.5 U ESF/ml (0 time) was insufficient to initiate tic globin synthesis since subsequent transfer of these cells to 0 or 0.005 U ESF/ml resulted in synthesis of only 2.0 and 3.8%, respectively, of/3c globin (Table II) . Increasing the duration of exposure of the marrow cells to 0.5 U ESF/ ml resulted in synthesis of more/3c, up to 19.1% at 18 h. In these particular experiments, marrow grown continuously in plasma clot culture at 0.5 U ESF/ml synthesized 19.8%/3c globin. If the cells were incubated in suspension culture at 0.5 U/ml of ESF for 18 h and then cultured in plasma clots at this concentration of ESF, there was a twofold increase in /3c synthesis (35% of the total /3-globin).
Commitment of Sheep Colony-Forming Cells to [3 c Globin Synthesis In Vivo
To determine the effects of transient exposure of sheep marrow to high ESF concentration, the procedure outlined in Fig. 7 globin synthesized by these two cell populations
The results of the entire experiment are summaare depicted in Fig. 8 . Before ESF injection, both rized in Fig. 9 . Differentiating cells synthesized the differentiating cells labeled from 0 to 11 h in 10% or less/3 c globin (of the total/3) before and vitro and the colonies generated by exposure to 1 for 24 h after the in vivo ESF injection, but by 139 U ESF/ml and labeled from 72 to 96 h in vitro, h had switched toward /3c production. Colonies were synthesizing predominantly/3A. 9 h after the derived from bone marrow obtained before ESF ESF injection,/3c globin synthesis was negligible injection produced 11%/3 c globin at an ESF conin the differentiating cells but accounted for 30% centration of 0.1 U/ml and 20% at an ESF conof the total/3 globin in the erythroid colonies. By centration of 10.0 U/ml between 72 and 96 h in 139 h after injection, the differentiating cells as vitro. 300 colonies developed per 105 bone marwell as the colonies were synthesizing 50% /3c row cells before in vivo ESF injection. Both paglobin, rameters increased linearly over the next 24 h after ESF injection, colony number exhibiting a threefold augmentation while the percent of tic synthesis increased sixfold. Bone marrow cultured at a high dose of ESF (10 U/ml) produced 1.1-1.8 times more tic globin but fewer colonies than marrow cultured at 0.1 U ESF/ml.
DISCUSSION
The differential expression of the individual /3-globins responsible for hemoglobin switching in sheep and goats provides an opportunity to study the interrelationship between erythropoietin action, erythroid differentiation, and gene regulation. Our experience with sheep marrow illustrates the critical importance of providing conditions optimal for erythroid development in order Previous studies had shown that, under conditions satisfactory for goat colony formation, sheep marrow produced poorly developed colonies of which 60% had only 8-12 cells even at a high ESF concentration (3) . No tic synthesis was observed. In improved medium (Table I) , sheep marrow was found to generate large, well-differentiated colonies (Fig. 2) which synthesized up to 60% /3 c globin between 96 and 120 h in vitro. At this time, it is not possible rationally to predict which components will optimally support growth of erythroid colonies from marrow of different species. Several investigators (14, 22) as well as ourselves (5) have found that albumin, although important for colony formation, must be carefully deionized to avoid a toxic effect on colony formation. But, in addition, a considerable effort must be invested in a process of trial and error in order to find components which optimize colony formation from marrow of each species. Obtaining satisfactory cell growth in vitro in order to study differential expression of individual globin genes, as illustrated by our experience with sheep marrow, is likely to be of importance for the in vitro analysis of fetal to adult switching in human marrow as well. Several aspects of our data imply heterogeneity with respect to the potential for /3 c synthesis within the population of cells capable of giving rise to erythroid colonies in vitro. Colonies whose cells contain abundant hemoglobin were present in cultures of sheep marrow 48-72 h after explantation, but substantial tic synthesis was not observed until 96-120 h. We have shown that differentiating cells, e.g., those making adult hemoglobin, cannot he stimulated to produce/3 c globin (references 3 and 4, and Fig. 8 ), and therefore it is unlikely that individual colonies making adult hemoglobin can switch to the production of hemoglobin C. Rather, it seems likely that the precursors for colonies accumulating hemoglobin early in the culture period were committed to adult hemoglobin production at the time of explantation, while other, presumably uncommitted precursors gave rise to colonies which at 4-5 days make/~c globin. Similar considerations apply to goat marrow, although colony formation and the onset of beta c synthesis in vitro are more nearly coincident (3), rendering the heterogeneity in colony-forming cells less apparent. However, fractionation of goat marrow by unit gravity sedimentation has revealed more ~c synthesis in cultures containing colonies derived from slowly sedimenting cells than in cultures conraining colonies derived from more rapidly sedi-menting cells. Thus, the heterogeneity with respect to the potential for hemoglobin C production was also demonstrated within the colonyforming cells of goat marrow. A possible explanation for this heterogeneity in the colony-forming cell population is provided by consideration of the erythropoietic process. Erythroid precursor cells, thought to be derived from a pluripotent hematopoietic stem cell, are amplified by cell division as a population of erythroid-committed cells before acquiring ESF sensitivity (19, 20) . Subsequently, the precursor cells become recognizably erythroid, although they undergo another series of amplifying divisions before becoming fully hemoglobinized enucleated erythrocytes. Any precursor cell in this maturation pathway which has acquired sensitivity to the proliferative effect of ESF and which is still capable of three sequential cell divisions can give rise to an erythroid colony containing at least eight cells. Axelrad and co-workers (2) and others (9, 11) have operationally defined two classes of mouse erythroid colony-forming cells. Colony-forming unit-erythroid (CFU-E) cells are larger, more rapidly sedimenting cells which give rise to 8-64 cell colonies at low ESF concentrations after 48 h in vitro. Burst-forming unit-erythroid (BFU-E) cells are smaller, less rapidly sedimenting cells which give rise to macroscopic colonies after 7-9 days but only at a high ESF concentration. Thus, from our experiments, we might infer that the colony-forming cells responsible for the dramatic increase in tic synthesis between 4 and 5 days in sheep cultures may be an earlier precursor (BFU-E-like) than the colony-forming cells (CFU-E), which give rise to colonies that make only adult hemoglobin earlier in the culture period. These notions are also compatible with the observation that more/3 c synthesis occurs in cultures derived from goat cells of intermediate sedimentation velocity than from more rapidly sedimenting cells.
Both hemoglobins A and C have been demonstrated to occur in the same red cell (8, 18) . This suggests that ESF does not initiate hemoglobin switching by causing the selective proliferation of precursor cells already committed to hemoglobin C synthesis. The mode of action of erythropoietin and its role in hemoglobin switching are discussed in detail in reference 17. Erythropoietin induction of hemoglobin switching by an action on an immature precursor cell before the onset of hemoglobin synthesis seems in many ways analogous to its action during erythropoiesis in general.
Thus, the hemoglobin switching model may be useful in defining the molecular mechanism of erythropoietin action.
Brief exposure of sheep (in vivo) and goat (in vitro) bone marrow to high ESF concentration results in generation of colonies in which hemoglobin C is synthesized, even when these colonies subsequently develop at low ESF concentration (Table II, Fig. 9 ). These results provide further evidence that the modulating effect of ESF with respect to hemoglobin phenotype is irreversible and occurs early in erythropoiesis (3). Our observations may provide the framework with which to design experiments that will more precisely define the cellular and molecular mechanism(s) of hemoglobin switching and erythropoietin action.
We wish to thank Dr. W. French Anderson for encouragement and inspired discussions of the "switch" mechanism. Our appreciation is extended to Mr. Bernard Kefauver who performed all the carboxymethylceHulose column chromatography; to Dr. Thomas Musliner who performed the G-100 chromatography of ESF; to Mr. Mac McCaskill, and Mr. James Hoes who assisted in animal surgery; and to Mr. Leonard Stuart and his associates at Poolesville Animal Center and Mr. Max S. Foltz, Mr. Jesse N. Judy and Mrs. Donna Mathews at the Max Foltz Farms who cared for the animals.
